Nanowires for Photonics. by Quan, Li Na et al.
Lawrence Berkeley National Laboratory
Recent Work
Title
Nanowires for Photonics.
Permalink
https://escholarship.org/uc/item/4nh0z6gt
Journal
Chemical reviews, 119(15)
ISSN
0009-2665
Authors
Quan, Li Na
Kang, Joohoon
Ning, Cun-Zheng
et al.
Publication Date
2019-08-01
DOI
10.1021/acs.chemrev.9b00240
 
Peer reviewed
eScholarship.org Powered by the California Digital Library
University of California
Nanowires for Photonics
Li Na Quan,†,‡,◆ Joohoon Kang,†,§,∥,⊥,◆ Cun-Zheng Ning,#,∇ and Peidong Yang*,†,‡,§,○
†Department of Chemistry, University of California, Berkeley, California 94720, United States
‡Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States
§Kavli Energy NanoScience Institute, Berkeley, California 94720, United States
∥Center for NanoMedicine, Institute for Basic Science (IBS), Seoul 03772, Korea
⊥Y-IBS Institute, Yonsei University, Seoul 03772, Korea
#Department of Electronic Engineering, Tsinghua University, Beijing 100084, P. R. China
∇School of Electrical, Computer and Energy Engineering, Arizona State University, Tempe, Arizona 85287, United States
○Department of Materials Science and Engineering, University of California, Berkeley, California 94720, United States
ABSTRACT: All-photonic integrated circuits are promising platforms for future
systems beyond the limitation of Moore’s law. Over the last several decades, one-
dimensional (1D) nanowires have demonstrated great potential in photonic circuitry
because of their unique 1D structure to eﬀectively generate and tightly conﬁne optical
signals as well as easily tunable optical properties. In this Review, we categorize
nanowires based on the optical properties (i.e., semiconducting, metallic, and dielectric
nanowires) for their potential photonic applications (as light emitters or plasmonic and
photonic waveguides). We further discuss the recent eﬀorts in integration of nanowire-
based photonic elements toward next-generation optical information processors.
However, there are still several challenges remaining before the nanowires are fully
utilized as photonic building blocks. The scientiﬁc and technical challenges and
outlooks are provided to indicate the future directions.
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1. INTRODUCTION
One-dimensional (1D) nanowires are of great interest as a
promising material platform for next-generation nanoelec-
tronics and nanophotonic applications due to their unique
electronic and optical properties. The properties are strongly
correlated to their physically conﬁned structures such as
lengths, diameters, and chemical compositions. The structural
characteristic (i.e., large aspect ratio) is beneﬁcial to light-
propagating pathways toward photonic circuit integrations. On
the basis of the chemical compositions and electronic
properties, nanowires can be categorized into metallic,
semiconducting, and dielectric nanowires, where metallic and
dielectric nanowires are suitable for plasmonic and photonic
waveguiding applications and semiconducting nanowires are
promising for light generation and sensing applications.1
Semiconducting nanowires are essential for optical signal
generation based on their intrinsic bandgap-related optical
transitions. Initially, the direct-bandgap nanowires such as II−
VI and III−V compositions have been studied because of their
eﬃcient light-emitting properties. Subsequently, nitride-based
nanowires have emerged because of their advantage in band
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gap tunability from the near-infrared (indium nitride) to the
ultraviolet (gallium nitride) wavelength range. While these
nanowires have required harsh growth conditions, newly
emerged halide-based perovskite nanowires are solution
processable and exhibit remarkable structural and optical
properties such as high emission/absorption eﬃciency, ionic
bonding-based soft lattice, and defect tolerances. By exploiting
the semiconducting nanowires, light-emitting applications have
been demonstrated. Especially, nanowires with well-faceted
structures exhibit optical lasing as the structures play the role
of optical cavities to generate coherent light emission in
nanoscale. The tunable wavelength of semiconducting nano-
wires provides a wide range of light-emitting spectrum for
light-emitting diode applications. However, most of the light-
emitting applications are currently demonstrated by optical
pumping (i.e., laser excitation). Lastly, the current eﬀorts to
demonstrate electrically driven light generation are further
discussed.
Metallic and dielectric nanowires are exploited as optical
waveguiding applications. A waveguide is a key element for the
photonic circuit integration to conﬁne and propagate optical
signals from transmitter to receiver. While light is conﬁned in
dielectric nanowires by total internal reﬂection, metallic
nanowires propagate light with surface plasmonic polaritons.
The dielectric nanowire diameter miniaturization for photonic
waveguides is limited by the diﬀraction limit, which is roughly
half of the wavelength of the light in the waveguide. Although
this limitation can be overcome by utilizing metallic nanowires
for plasmonic waveguides, which conﬁne light at the surfaces in
a few nanometers, surface loss of plasmonic transmission that
is several orders of magnitude higher than that of photonic
mode requires balancing the trade-oﬀ for the high-performance
subwavelength optical waveguides. As one of the eﬀorts,
photonic−plasmonic hybrid waveguides have demonstrated
both advantages by optical coupling between metallic and
dielectric nanowires.
Lastly, promising concepts for the realization of photonic
elements-based integrated circuitry are discussed in section 4.
At the current stage, photonic circuits have been demonstrated
as a prototype and required to be implemented in external
circuits (e.g., ﬁeld-eﬀect transistors). We provide the
challenges and outlooks toward high-performance photonic
integrated circuit demonstrations.
2. SEMICONDUCTING NANOWIRES FOR
LIGHT-EMITTING APPLICATIONS
Semiconducting nanowires have a fundamental absorption
edge that originates from the optical transitions of the intrinsic
bandgap.2 When electrons are excited to the upper band
through optical excitation and leave unoccupied states in the
valence band, an electron−hole pair is created due to the
interband absorption process. The reverse process is called
interband emission where the excited electrons recombine with
the unoccupied states in the lower band with emitting photons.
The eﬃciency of interband transition is strongly dependent on
the band structures. On the basis of the relative positions of the
conduction band minimum and the valence band maximum in
energy−momentum (E−k) diagram, the band gap can be a
direct or indirect one. The conduction band minimum and
valence band maximum appear at the same (or diﬀerent) k in a
direct (or indirect) band semiconductor. For indirect-bandgap
materials, the interband transition must involve a phonon to
conserve momentum, which results in much less transition
eﬃciency and much longer radiative lifetime than direct-
bandgap materials. For example, because the excited electron
and the hole are recombined at the same k vector in direct-
bandgap materials, no phonon-related thermal relaxation is
involved, and thus the emitting eﬃciency is much higher.
2.1. Semiconducting Nanowires for Light Generation and
Bandgap Tunability
Over the past several decades, tremendous progress has been
made in the development of semiconductor nanowires for light
generation, including II−VI and III−V semiconductors and
hybrid perovskites. In particular, direct-bandgap semiconduc-
tors have the advantages of bandgap tunability using elemental,
Figure 1. Bandgap-tunable semiconducting nanowires. (a) Scanning electron microscopy (SEM) images of InxGa1−xN nanowire morphology and
(b) color charge-coupled device (CCD) images of light-emitting InxGa1−xN nanowires. Adapted with permission from ref 5. Copyright 2007
Nature Publishing Group. (c) Localized photoluminescence (PL) spectra of bandgap-graded CdSSe nanowires. Adapted with permission from ref
7. Copyright 2014 American Chemical Society. (d) Transmission electron microscopy (TEM) images of CsPbX3 nanowires with diﬀerent halide
compositions. The insets show the evolution of the UV-excited emission colors upon the formation of mixed-halide alloy nanowires. Adapted with
permission from ref 13. Copyright 2015 American Chemical Society.
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binary nanowires and alloys of two or more materials with
diﬀerent bandgaps. Although the single-crystalline epitaxial
growth nanowire requires lattice matching in interfaces, the
range of available bandgaps is quite limited due to the less
available choice of substrate and lattice mismatch in diﬀerent
components. Instead, by alloying diﬀerent compositions, all the
bandgaps between certain constituent semiconductors can be
achieved.
Alloying is a common technique for engineering the
bandgap in semiconductor materials. The ﬁrst examples of
bandgap-tunable III−IV compound nanowires on Si substrate
were conducted by the Samuelson group.3 By modulating
compositions in GaAsxP1−x nanowire, the optical bandgap can
span from GaP (550 nm) to GaAs (900 nm). Compositional-
tunable InxGa1−xP
4 and InxGa1−xN
5 nanowires have also
shown tunable emission from UV to near-infrared wavelength
range (Figure 1a and b). The temperature-gradient approach
was used to grow alloys within individual nanowires, such as
CdSSe and ZnCdSSe (Figure 1c).6−12 Such compositional
tunability in a single nanowire on the same chip could
potentially realize the speciﬁc on-chip application such as laser.
Light propagation happens asymmetrically in compositionally
graded nanowire, due to the propagation from higher-energy
emission to low-energy bandgap regions.
Furthermore, ﬂexibility of bandgap engineering has also
been demonstrated in a recently emerged new class of
semiconductor: metal halide perovskites. Yang and co-workers
have ﬁrst demonstrated colloidally synthesized halide perov-
skite nanowires in solution phase without any catalyst at room
temperature (Figure 1d).13,14 Their ionic-bonding character-
istics oﬀer soft crystal lattice and allow rapid ionic dynamics at
solid−liquid−vapor interfaces. Halide perovskite nanowires
such as CsPbBr3 and CsPbI3 nanowires exhibit a direct-
bandgap nature and strong luminescence properties. Tunable
wavelength (blue to near-IR) resulting in multicolor nanowire
heterojunctions has been demonstrated using CsPbX3 (X = Cl,
Br, and I) with the combination of mixed halide
composition.15 Such a wide range of bandgap tunability in
semiconductor nanowires is of great interest for fundamental
understanding of dynamics and charge-carrier properties,
especially for applications in nanoscale optoelectronics.
Nanowire-based photonic applications initiated by develop-
ing nanoscale-wavelength tunable lasers further lead to white
light generation,16 photonic integrated circuit,17,18 and sensing
applications. “Laser” is the abbreviation of “light ampliﬁcation
by stimulated emission of radiation”. As it stands for, laser is
based on the quantum-mechanical process of stimulated
emission.19 Unlike spontaneous emission, the process of
stimulated emission results in optical ampliﬁcation. A laser
cavity is formed naturally in a nanowire gain medium with
reﬂectors at either end.20 The semiconductor nanowire is a
promising material platform for use in the next generation of
laser applications due to the capability of emission-wavelength
tuning, complementary metal−oxide−semiconductor
(CMOS) integration, and miniaturization.21−25 Furthermore,
a well-faceted nanowire with high refractive index plays a role
simultaneously not only as an optical gain medium but also as
an optical cavity structure.
The ﬁrst demonstration of nanowire for photonics was an
ultraviolet nanolaser at room temperature using a ZnO
nanowires array in 2001 (Figure 2a−c).26 The bottom-up
growth approach allows the formation of a well-faceted ZnO
nanowire structure, which leads to the formation of an optical
cavity. However, the structural polydispersity of each ZnO
nanowire in an array, such as variations of diameter from 20 to
150 nm and lengths from 2 to 10 μm, gives an average signal of
the resulting spectra from individual nanowires. To further
verify the nanowire structure acting as a Fabry−Peŕot cavity,
the emission spectra were obtained from an individual
nanowire that shows multiwavelength peaks and much
Figure 2. Semiconducting nanowire lasers. (a, b) SEM images of ZnO nanowire arrays grown on sapphire substrates for the ﬁrst nanowire laser
demonstration. (a) Adapted with permission from ref 27. (b) Copyright 2001 AAAS. Adapted with permission from ref 28. Copyright 2001
American Chemical Society. (c) Light-emission spectra of ZnO nanowire arrays at above (inset b) and below (inset a) the lasing threshold.
Adapted with permission from ref 27. Copyright 2001 AAAS. (d−f) SEM images of GaN nanowires with triangular cross section and (g) light-
emission spectra of single GaN nanowire with Fabry−Peŕot cavity mode lasing. Adapted with permission from ref 29. Copyright 2005 American
Physical Society.
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stronger intensity from the end facets than the side surfaces.
This concludes that the lasing emission requires a minimum
diameter for suﬃcient waveguide conﬁnement.20
After the ﬁrst demonstration of ZnO nanowire-based
nanolasers, other semiconductor nanowire-based lasers were
soon demonstrated including GaN (Figure 2d−g),29−32
InGaN,33 CdS,34 CdSe,35,36 CdSSe,8 GaAs,37 InGaAs,38
AlGaAs,39 ZnS,40 GaSb,41 and InP.42 Furthermore, ultraviolet
lasing from an epitaxially grown AlGaN/GaN core/shell
heterostructure was demonstrated.43 Tailoring the emission
wavelengths was only achieved for a limited wavelength range
in these studies and was also impractical to generalize in some
cases. The emission wavelengths can be tuned by tailoring
structures or tuning the dielectric environment of the cavity.
However, the most eﬃcient method of wavelength engineering
is the tuning of the bandgap of the emitting materials through
alloy composition control.8,10,12,16,44 Optical properties of
semiconductor and dielectric nanowires are listed in Table 1.
In addition, rational design of nanowires leads to the
structure complexity, which enables functional electronic and
photonic capabilities. Multiquantum well core−shell structured
nanowires (InGaN/GaN)n yielded lasing in a broad range of
wavelengths from 365 to 494 nm (Figure 3a and b).33 Such
tunable nanoscale gain medium that coupled to the optical
cavity is essential for developing miniaturized lasers. A single-
mode lasing, discovered based on the formation of a cleaved-
coupled cavity, contains two Fabry−Peŕot cavities coupled to
an air gap.31 By cleaving a nanowire with the controlled gap
position and the size, the device enables control of the lasing
threshold of all the longitudinal modes.31 This cleaved-coupled
cavity structure was demonstrated based on GaN and showed
lower lasing threshold than the single-component nanowires
(Figure 3c and d). Furthermore, nanomanipulation in
nanowires has been realized by modulating the structures
from line shape to pseudoring conformation.24,60 Light-
emission wavelength and lasing Q factors can be manipulated
in nanoring laser, compared to linear shape, due to the side-by-
side coupling of nanowire ends.
As mentioned early on, such control can be most eﬃciently
realized through the growth of alloy nanowires. Tunable lasing
from a single substrate was realized by spatial grading of alloy
composition from CdSe to CdS, allowing the lasing wavelength
to be tuned between 700 and 500 nm (Figure 3e).8,48
Simultaneous red61 and green lasing was also achieved in a
single nanowire with dynamically tunable colors continuously
from red to green.12 More interestingly, color tunable lasing
was demonstrated16 in the full visible spectrum by simulta-
neous lasing in red, green, and blue from a single semi-
conductor nanosheet structure, allowing lasing in white from a
single monolithic piece of semiconductor for the ﬁrst time.16
Wide-wavelength tunable nanowire laser can also be possible
based on the absorption−emission−absorption process by
changing the length of nanowires.62 Such full-color lasers or
white lasers could ﬁnd many potential applications in laser
lighting, laser illumination, and laser displays, especially with
the recent increased interest in various microdisplays.
Beyond the conventional II−V and III−V semiconductor
compounds, ABX3 structured halide perovskites have recently
emerged as a promising material platform for applications due
to the unique light−matter interacting properties such as high
absorption or emission eﬃciency, long diﬀusion length, and
low trap density (Figure 4).14,22,63−69 In addition to the
remarkable optical properties of halide perovskites, it is even
more advantageous to synthesize such materials under ambient
condition in contrast to the II−V and III−V semiconductor
compounds relying on high-temperature or high-vacuum
process. Furthermore, the soft nature of the halide perovskite
crystal lattice provides ﬂexible wavelength selection by a simple
anion-exchange process.63
Lasing in a perovskite nanowire was ﬁrst demonstrated using
an organic−inorganic hybrid nanowire, methylammonium lead
halide (MAPbX3). Single-crystalline halide perovskite nano-
wires show lasing behavior at room temperature, and further,
the emission wavelengths are tunable based on the
composition ratio of the halide precursors across the visible
spectrum.63 This ﬁrst demonstration of the halide perovskite
nanowire-based lasing achieves both high-quality optical
materials synthesis under ambient conditions and a broad
range of tunable-emission wavelengths by simply changing the
ratio of halide salts. Furthermore, this solution-based simple
synthesis approach allows for having large-scale MAPbX3
nanowire arrays using a polymer template.64,65 Although the
hybrid MAPbX3 perovskite nanowires show excellent lasing
performance, a critical limitation of their ambient instability
motivates replacement of the reactive MA cation with an
alternative cation. In eﬀorts to replace the reactive MA cation
to an alternative cation, formamidinium (FA) has been utilized
for the halide perovskite nanowire formation.70 As-synthesized
FAPbX3 nanowires exhibit an excellent tunable-wavelength
lasing performance at room temperature with remarkably
improved ambient stability.69
Alternatively, Cs-based all-inorganic halide perovskites have
emerged to replace the organic components (MA or FA) by Cs
for further improved chemical stability. The ﬁrst study has
shown improved environmental stability by incorporating Cs
ions partially into the FA site.13,70−73 Followed by the all-
Table 1. Optical Properties of Semiconductor and Dielectric
Nanowires
nanowire
composition
bandgap
(eV)
refractive
index
(visible-NIR) ref
semiconductor AlxGayAs 1.8 1.4 45, 46
GaAs-GaxIn1−xP 1.6−1.4 3.6 47
CdS 2.4 2.1 34
GaSb 0.8 3.8 41
CdSxSe1−x 2.4−1.7 2.7−1.7 8, 12, 48
GaAs/GaAsP 1.5 3.7−3.6 49
ZnxCd1−xSySe1−y 3.4−1.7 9, 10
InGaAs/GaAs 1.3 3.7 37−39
InP 1.3 4.4−3.1 50
MAPbX3
(X = I, Br, Cl)
3.2−1.6 2.3 51, 52
FAPbX3
(X = I, Br, Cl)
2.2−1.5 2.5 53
CsPbX3
(X = I, Br, Cl)
3.0−1.7 14, 54
ZnS 3.7 2.6−2.3 55
AlxGa1−xN 5.3 2.3 43
GaN 3.4 2.5 24, 29,
30
ZnO 3.4 2.0 27, 28,
56
dielectric TiO2 3.2 3.3−2.7 57
SnO2 3.6 2.1−2.0 58
LiNbO3 4.0 2.3 59
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inorganic nanocrystals formation,13,71−73 all-inorganic perov-
skite nanowires have also been synthesized via the chemical
vapor transport (CVT) method.74,75 The single-crystalline
CsPbBr3 nanowires further exhibited lasing at low thresholds
and relatively high Q-factors in comparison with the hybrid
perovskite nanowire lasers. Furthermore, the all-inorganic
perovskite nanowires were much more stable under lasing
conditions.14 The lead halide perovskites show predominant
ionic-bonding character, resulting in highly dynamic crystal
lattices, inherently allowing rapid ion exchange at solid−vapor
and solid−liquid interfaces.15,76 Multicolored CsPbX3 perov-
skite nanowire heterojunctions have been fabricated using
electron-beam lithography techniques with tunable PL
emission wavelength from UV to near-IR (Figure 5).34 Ionic-
Figure 3. Rational design of semiconducting nanowires for lasing. (a) Multiquantum well nanowire structure with InGaN/GaN compositions and
(b) light-emission spectra of 26-multiquantum-well InGaN/GaN nanowire at above lasing threshold. Adapted with permission from ref 33.
Copyright 2008 Nature Publishing Group. (c) Simulated electrical ﬁeld of cleaved-coupled nanowire and (d) single-wavelength lasing from the
coupled cavity structure (blue) as opposed to the gapless nanowires lasing (red and green). Adapted with permission from ref 31. Copyright 2013
National Academy of Sciences. (e) Optical microscope images of nanowires with high-excitation power density at above lasing threshold and
corresponding spectra of nanowires from full to cut. Adapted with permission from ref 7. Copyright 2014 American Chemical Society.
Figure 4. Halide perovskite single nanowires for lasing. (a) Crystal structure of ABX3 metal halide perovskites, (b) SEM image of as-grown multiple
CsPbBr3 perovskite nanowires on the substrate, and (c) optical images of nanowires under high-excitation pump power at above lasing threshold,
with diﬀerent wavelengths from red to blue. Adapted with permission from ref 54. Copyright 2016 American Chemical Society. (d) Isolated single
CsPbBr3 nanowire and (e) power-dependent light-emission spectra of CsPbBr3 single nanowire at above lasing threshold. Adapted with permission
from ref 14. Copyright 2016 National Academy of Sciences. (f) Wavelength-tunable lasing at room temperature from single-crystal perovskite
nanowires. Adapted with permission from ref 52. Copyright 2015 Nature Publishing Group.
Chemical Reviews Review
DOI: 10.1021/acs.chemrev.9b00240
Chem. Rev. 2019, 119, 9153−9169
9157
exchange reactions in perovskites were studied ﬁrst using
nanofabrication techniques and multiscale theoretical model-
ing to investigate halide anion interdiﬀusion in CsPbBr3−
CsPbCl3 single-crystalline nanowire heterojunctions.
83 Fur-
thermore, PL emission intensities of CsPbBr3 nanowires have
been signiﬁcantly improved by oxygen gas exposure by
passivation of the excess lead dangling bonds with oxygen
molecules by eﬀectively reducing the nonradiative recombina-
tion channel on the deep level trap states of the perovskite
surface.77 The all-inorganic perovskite nanowires, which
exhibit excellent stability and lasing performance, can be a
promising material platform for applications of nanowire-based
lasers for the future.65
2.2. Electrically Driven Light Emission
The above-mentioned semiconductor nanowires are ideally
suited for electrically driven lasers and light-emitting diode
(LED) devices. A single nanowire provides both a high-quality
gain material and an ideal waveguide to conﬁne optical
waves.20 The simultaneous conﬁnement of electron−holes and
photonics in the same physical entity assures eﬃcient
interactions of electrons and photons. The insensitivity of
nanowire growth to the substrate materials allows semi-
conductor alloys of diﬀerent compositions to be grown on the
single platform or within a single monolithic piece of
semiconductor, making it possible to have multicolor emission
or lasing for full-color electrically driven applications.8,10,12,22,44
The photoluminescence (PL) property has been investigated
for many types of nanowires such as ZnO,78 GaN,79 InGaN,5
and GaP/GaAs.80 ZnO is a large-bandgap (3.35 eV)
semiconductor at room temperature, with fascinating proper-
ties for ultraviolet LEDs and lasers.81−86 The integration of
traditional direct-bandgap II−IV and III−V nanowires with Si
nanowires enables production of multicolored, electrically
driven nanoelectronics−photonic systems.87
Electrically driven lasers can be used in a wide range of
technologies including information storage and medical
therapeutics.90 Most of the electrical injection in semi-
conductor laser relies on metal contacts, which serve as an
electrode in photonic crystal laser.91−93 However, lasing from
electrical injection in a single-nanowire level device is
suﬃciently diﬀerent from that in bulk semiconductor devices,
requiring unique electrical injection conﬁgurations.94 One of
the ﬁrst electrically driven semiconductor nanowire lasers was
developed by the Lieber group (Figure 6a−d).88 Such an
electrical injection nanolaser device is conﬁgured with an n-
type semiconductor nanowire assembled onto p-type electro-
des. In this case, the holes are injected through the nanowire
cavity and strong light emission from the ends of the
nanowires. Later on, Li and Ning studied electrical injection
in p-n junction core−shell nanowires and p-i-n longitudinal
nanowires using numerical simulation.94 The longitudinal
structure requires higher bias and doping concentration,
compared to the core−shell nanowires in electrically driven
devices. The same group has also developed electrically driven
metallic cavity nanolasers, based on the structure with InP/
InGaAs/InP nanopillar, and SiN layer was coated on its
sidewall (Figure 6e and f).89 These metallic cavity nanolasers
can be used as an azimuthally polarized beam driven by
electrical injection.
ZnO nanowires have shown strong excitonic PL emission at
a wavelength of 384 nm, along with a broad luminescence from
defects at room temperature around 600 nm wavelength.
Electrically driven luminescence properties have been explored
from the ZnO/polymer hybrid interface, due to a strong
defect-induced emission in air.78,82 Many research groups
realized electroluminescence (EL) by using n-type ZnO
nanowires based on homojunctions.95,96 The n-type ZnO
nanowires were epitaxially grown on p-type GaN thin ﬁlm to
generate heterojunctions and were used to fabricate LEDs.83,84
The band-to-band and defect transitions between the ZnO
nanowires and the p-GaN thin ﬁlm are key factors to achieve
EL at room temperature, resulting in stable light emission with
a low turn-on voltage. These ZnO nanowire arrays fabricated
on GaN substrate used a solution-phase synthesis method, and
each of the single nanowires served as a light emitter.86,97
Vertically oriented ZnO nanowires that were embedded in a
polymeric matrix have been used to fabricate the ﬂexible LEDs,
which are potentially important for stretchable optical device
applications.98 The compositional tunability in III−V semi-
conductor InxGa1−xN nanowires allows tunable PL emission
from UV to near-infrared wavelengths.5 The core−shell
structured nanowires with the composition of p-type AlGaN
with GaN nanowires have enabled production of tunable EL
emission from 365 to 600 nm with high external quantum
eﬃciency at ∼4−6%, higher than any of the nanoscale LEDs
(Figure 7a−c).99 Indium phosphine (InP) nanowires with
controlled doping level have also been used to fabricate the
nanoscale LEDs, and their direct-bandgap nature oﬀers p-n
Figure 5. Unique optical property of heterojunction in perovskite
nanowires. (a) Optical microscope image of CsPbBr3 nanowire coated
with polymer and opened portion using electron beam lithography.
Adapted with permission from ref 15. Copyright 2017 National
Academy of Sciences. (b) Schematic illustration of the CsPbCl3−
CsPbBr3 heterostructure. Adapted with permission from ref 76.
Copyright 2018 National Academy of Sciences. (c, d) Optical images
of CsPbBr3−CsPbCl3 single-crystal nanowire, under laser excitation,
and corresponding PL spectra. (e, f) Optical images of CsPbI3−
CsPbBr3 single-crystal nanowire, under laser excitation, and
corresponding PL spectra. Adapted with permission from ref 15.
Copyright 2017 National Academy of Sciences.
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junctions as a basis of optoelectronics.100 A self-aligned
quantum dot at the end of the n-InP and p-InP nanowires
oﬀers these materials as promising candidates for electrically
pumped quantum optics application.101 Epitaxially grown
GaAs/InGaP core/shell nanowires on Ge and Si substrate
have been applied to LED application using standard
lithography techniques. The substrates can support the
epitaxial growth of nanowires and also act as a p-type contact
that is integrated with the electrical device (Figure 7d−f).102
Moreover, using semiconductor organic−inorganic halide
perovskite nanowire arrays, Yang and co-workers successfully
integrated perovskite nanowires into LED applications.103 The
interconversion of halide components in hybrid perovskites
revealed the use of postsynthetic methods to further control
Figure 6. Electrically driven nanowire lasers. (a) Cross-sectional diagram of nanowire laser device. (b) Optical image of CdS nanowire laser device
under the operation. The arrows highlight the end of the CdS nanowire, where the light is emitted. (c) Enhanced light-emission intensity with
increase of current density within the device. (d) Electroluminescence spectra of nanowire device. The arrows highlights laser cavity modes with
narrow spacing. Adapted with permission from ref 88. Copyright 2003 Nature Publishing Group. (e) Metallic cavity lase structure with circular
shape cross section. (f) Optical images of laser output using near-IR camera. Adapted with permission from ref 89. Copyright 2013 American
Physical Society.
Figure 7. Semiconductor nanowire for light-emitting diodes. (a) Core−multishell nanowire device performance with current−voltage measurement
and SEM image of the LED device (inset). (b) Optical microscopy images from core−multishell nanowire LEDs. (c) Electroluminescence spectra
from core−multishell nanowire device. Adapted with permission from ref 99. Copyright 2005 American Chemical Society. (d) Cross-sectional
SEM images of GaAs/InGaP nanowire LED devices. (e) Single-nanowire PL emission spectra at low temperature. (f) Electroluminescence spectra
from LED device with diﬀerent substrates. Adapted with permission from ref 102. Copyright 2008 IOP Publishing Group.
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the EL emission wavelengths. However, the quantum eﬃciency
has not been reported in most of the electrically driven
semiconductor nanowire devices, which results in a diﬃcult
challenge in the applied technology. The highest reported
external quantum eﬃciencies of nanowire LEDs are still <6%.
Optimization of the carrier collection eﬃciency and
minimization of the interface carrier losses can further improve
the radiative recombination.
3. DIELECTRIC AND METALLIC NANOWIRES FOR
OPTICAL WAVEGUIDES
Toward all-photonic integrated circuit realization, optical
waveguide is one of the essential elements to route optical
information between optical transmitter and receiver. Over the
past several decades, Si was focused, inspired from a
conventional Si-based integration circuit, and utilized for
optical gain,104 modulators,105 lasing,106 and nonlinear
optics.107 However, Si has an indirect bandgap in an infrared
range that makes it diﬃcult to realize eﬃcient photonic
elements in the visible/UV spectral regions. To overcome this
limitation, there are many recent accomplishments toward a
direct-bandgap Si nanowire. However, the most of approaches
require speciﬁc synthesis conditions (e.g., high pressure108 or
other hexagonal atomic platforms109) which limit the
hexagonal Si nanowires to fully replace the other naturally
direct bandgap nanowires yet. Alternatively, 1D nanowire has
versatile advantages for photonic applications such as size and
composition tunability, various optical properties, low surface
roughness (especially for chemically grown nanowires), and
capabilities to operate both above and below the diﬀraction
limit.110 Especially, a large aspect ratio provides a promising
material platform for optical waveguide or ﬁber applications
because the diameter is compatible to the characteristic length
scale of various fundamental phenomena and the length is
suﬃcient to connect each optical element. On the basis of
light-conﬁnement mechanisms, the nanowire-based wave-
guides are mainly categorized into photonic and plasmonic
waveguides. While the photonic waveguides route optical
energy through nanowire inside, the plasmonic waveguides
happen close to the nanowire surface. Because the routing
mechanisms are totally diﬀerent, each waveguide shows
completely distinct optical performances. Although there are
remarkable advances in both areas, a common major technical
challenge for the nanowire-based waveguides is to achieve
device miniaturization by overcoming the light-diﬀraction
limit.
Dielectric nanowires such as a conventional SiO2 nanowire
and subsequent binary oxides nanowires are exploited for a
dielectric waveguide, which relies on the electromagnetic
response of bound electrons. In a dielectric waveguide, as
shown in Figure 8a, photons propagate by diﬀraction or total
internal reﬂection in a dielectric nanowire and the diameter of
the nanowire is limited by the Abbe diﬀraction limit
(approximately half of the photon wavelength in the
nanowire),111
λ
θ
=d
n2 sin
where d, λ, and n are diﬀraction limit, wavelength of light in the
material, and refractive index of the material, respectively. To
miniaturize a photonic waveguide below the subwavelength
region, high refractive index single-crystalline nanowires have
been utilized. For example, SnO2 nanowire (n = 2.1)
demonstrated low propagation loss (1−8 dB/mm) at visible
frequencies for the subwavelength photonic waveguide.58
However, further miniaturization is still limited by the
diﬀraction limit. To overcome this limitation, surface
plasmonic polaritons (SPPs)-based plasmonic waveguide
modes emerged to study collective oscillations of quasi-free
charges on metal nanowires. Surface plasmons have two
diﬀerent types, localized surface plasmons (LSPs) and
propagating surface plasmon polaritons (SPPs). For the
surface plasmonic waveguide mode, SPPs will only be
considered in this section. Because the SPPs energy is tightly
bound at the metal nanowire surfaces in few-nanometer scale
(Figure 8b), the plasmonic waveguide mode can be considered
for deep subwavelength optical waveguide demonstrations.111
Electrical ﬁeld distributions in the dielectric SnO2 and metallic
Ag nanowire are indicated in Figure 8c, which shows the
optical propagation pathways in the nanowire or on the
nanowire surface for photonic and plasmonic waveguides,
respectively. Although the electrical ﬁeld of plasmonic
waveguide mode (bottom panels in Figure 8c) is tightly
concentrated on the nanowire surface, which is good for the
device miniaturization, the optical propagation losses in metal
nanowires are several orders of magnitude larger than those in
dielectric nanowires due to defects formation on the metal
surface under ambient conditions. The origin of the larger
optical losses of SPPs is an exponential damping via a
propagating direction due to the large imaginary part of the
Figure 8. Light propagation in photonic and plasmonic nanowire
waveguides. Light propagation mechanisms in dielectric nanowire via
total internal reﬂection (a) and in metallic nanowire via SPPs (b). (c)
Electrical ﬁeld distribution in photonic and plasmonic nanowire
waveguides with 500 and 100 nm diameters. Adapted with permission
from ref 111. Copyright 2018 Royal Society of Chemistry.
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metal refractive index. For example, the propagation loss of the
Ag nanowire-based waveguide is close to 1 db/μm3.111
3.1. Dielectric Nanowires for Photonic Waveguides
Light propagates in a photonic waveguide by diﬀraction or
total internal reﬂection. In a structure in which a dielectric
nanowire with high refractive index (n1) is encapsulated with a
low refractive index (n2) dielectric cladding or air, photons
propagate via total internal reﬂection at the interface when the
incident angle is larger than the critical angle, which equals
sin−1(n2/n1).
111 While the incident photons with angles larger
than the critical angle are captured and modulated in the
waveguide, other photons entered with the smaller angles leak
out from the waveguide. In addition, the allowed modes in the
waveguides should meet an additional criterion beyond the
incident angle, which is a constructive interference between the
incident photons following a propagation-induced phase shift
and additional Fresnel phase shifts.
For the photonic device miniaturization, it is limited to
conﬁne light with a wavelength much larger than the diameter
of the dielectric nanowire. As discussed earlier, the smallest
diameter is proportional to λ/(2n). For deep subwavelength
waveguide, dielectric nanowires with large refractive index have
been explored by replacing SiO2 (n = 1.5). For example, a
wide-bandgap (3.6 eV) SnO2 nanoribbon (n = 2.1) has been
demonstrated as an excellent subwavelength waveguide
(Figure 9a and b).58 Figure 9b is a photoluminescence image
of the waveguiding nanoribbon under laser excitation.
Furthermore, the SnO2 nanoribbons can be optically coupled
with active nanowires (GaN and ZnO) through tangential
evanescent coupling where the active and passive materials
interact over a few microns, which can be a direction to
demonstrate more functional geometries like Mach−Zehnder
interferometers. Subsequently, four nanoribbons were as-
sembled into a rectangular grid to test intercavity optical
coupling (Figure 9c).112 As shown in Figure 9d, direct laser
excitation from one nanoribbon end triggered emission from
all seven ends, with the relative intensity: 1≫ 6 > 4−7 > 3 > 5
> 2. The intensity order is directly related to the number of
junctions through the optical pathways.112 This gridlike
nanoribbon integration shows a capability of guiding light for
a photonic logic circuit demonstration.
In addition to the guidance of light, one crucial challenge for
photonic nanowire-based subwavelength optics is to demon-
strate a tunable source of coherent radiation. Nonlinear optical
processes originated from high optical intensities and long
interaction lengths can be a key to tune the frequency of light
via second harmonic generation (SHG) and sum frequency
generation (SFG).113 While bulk materials result in low
eﬃciency due to a reduced confocal parameter induced
interaction length shortening, 1D photonic waveguiding
nanowires enable high optical intensities. For several years,
attention was focused on a silicon-on-insulator (SOI) nanowire
structure due to its high refractive index for tight light
conﬁnement.107 Subsequently, a perovskite oxide KNbO3
nanowire has been reported for nonlinear optical probes
because of its large eﬀective nonlinear optical coeﬃcients and
large refractive indices (n = 2.1−2.5).113 Figure 9e shows a
schematic of a laser that trapped a single KNbO3 nanowire in
closed aqueous chambers with a trap wavelength at 1064 nm
and the radiation proﬁle as a function of position along the
nanowire’s long axis by changing the focus. The emitting
wavelength at the end of the KNbO3 nanowire is 531 nm
(Figure 9f), which corresponds to the SHG signal of the 1064
nm trapping wavelength.113 As a control experiment, Si
nanowire (black line) did not produce light emission, as
another evidence of the green emission from the KNbO3
nanowire-induced SHG. Furthermore, tunable emission wave-
lengths have been obtained from a single KNbO3 nanowire at
423 and 454 nm (SFG modes) and 525 and 700 nm (SHG
Figure 9. Applications of photonic nanowire waveguides. (a) Optical waveguiding in a SnO2 nanoribbon. (b) PL image of the waveguiding
nanoribbon under laser excitation. Adapted with permission from ref 58. Copyright 2004 AAAS. (c) Optical routing of a gridlike nanowire
connection and (d) PL from the nanowires as the input channel is optically excited. Adapted with permission from ref 112. Copyright 2005
National Academy of Sciences. (e) Bright-ﬁeld (left) and second harmonic generation (SHG) (right) images of the optically trapped KNbO3
nanowire. (f) Optical spectra for KNbO3 and Si nanowires. Strong SHG spectrum observed at 532 nm from the KNbO3 nanowire. Adapted with
permission from ref 113. Copyright 2007 Nature Publishing Group. (g) Photonic nanowire-based single-cell endoscopy. Adapted with permission
from ref 116. Copyright 2012 Nature Publishing Group.
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modes) by introducing diﬀerent frequencies of femtosecond
lasers.113 Such a nonlinear response is strongly dependent on
temperature, which aﬀects phase-matching condition, so it is
critical to know the temperature of individual nanowires via in
situ measurements. In a recent eﬀort, Smith et al. successfully
demonstrated the temperature measurement of individual
KNbO3 nanowires in an optical trap using Brownian
thermometry analysis, which enables evaluation of the
temperature increase at a certain irradiance condition.114
Moreover, the authors further developed the Brownian analysis
method to demonstrate laser refrigeration based on hydro-
thermally grown sodium yttrium ﬂuoride (NaYF4) nano-
wires.115
Unlike the light trapped in photonic nanowires, evanescence
ﬁelds (i.e., light traveling outside of the waveguide) can be a
promising platform for optical sensors that require high
sensitivity to the external environment. As one example, a
photonic nanowire-based single-cell endoscopy has been
reported that demonstrates light in and out of a single living
cell without cell damage (Figure 9g).116 The nanowire
endoscope, consisted of a nanowire waveguide and a tapered
optical ﬁber, can be inserted into a single living cell and deliver
quantum dots in the cell membrane (inset, Figure 9g).116 This
approach is a promising candidate for high-resolution optical
sensing, imaging, and spatiotemporally precise drug-delivery
systems.
3.2. Metallic Nanowires for Plasmonic Waveguides
While photonic waveguides have been demonstrated using
dielectric nanowires, plasmonic waveguides have been limited
to the use of chemically synthesized group 11 transition metals
(Au, Ag, and Cu) to minimize propagation losses from surface
roughness and crystal quality.111 Among the metals, because
Au and Cu have absorption losses in the visible range due to
their d-band transitions, Ag nanowire is the most widely
studied for plasmonic waveguides, but Ag is chemically less
stable than Au under ambient conditions, which can increase
propagation loss, mainly due to ohmic loss. From the last few
decades, although Ag nanowire-based plasmonic waveguides
have been intensively studied, the measured propagation
lengths have shown signiﬁcant discrepancies based on their
diameter and the measurement conditions.111,117−119 To
elucidate this inconsistency, chemically grown Ag nanowire-
based SPP modes have been discovered by using a tapered
optical ﬁber tip touched to a suspended Ag nanowire.117 Two
lowest-order modes (H0 and H1) having diﬀerent propagation
distances and their interference mode are shown in Figure 10a
and b. These multi-SPP modes on Ag nanowires have been
decoupled and analyzed based on the Ag nanowire diameters
and excitation wavelengths by developing a mode-interference
method. The diﬀerent behaviors of two SPP modes can be
originated from the excitation wavelength, plasmonic wave-
guide size, and substrates. For applications, the lowest-order
mode with the highest momentum is ideal for optical imaging,
which requires high spatial resolution, while the higher-order
mode is preferred in optical sensing, which requires a larger
skin depth.
On an Au nanowire, SPPs excitation has been demonstrated
by using a scanning tunneling microscopy (STM) tip.120 Low-
energy electrons generated via a STM tip excite gap plasmons,
which couple to propagating SPPs under ambient conditions.
Figures 10c and d show a micron-long, chemically grown Au
nanowire and a photon emission map. From this work, the
simple nanowire-based structure and the required low voltage
provide a potential compatibility with current complementary
metal oxide semiconductor technology.
For optical elements integration, structure-dependent SPP
loss, such as bending loss, also has to be considered. Bending
loss in an Ag nanowire is demonstrated in Figure 10e. In
general, the loss increases signiﬁcantly as the Ag nanowire
bending radius increases due to a high refractive index
diﬀerence.118 As we discussed earlier, the higher-order SPP
modes are not strongly conﬁned to the Ag nanowire surface,
and a large fraction of the evanescence ﬁelds are scattered at
the bending area. Oppositely, the lowest-order SPP mode with
higher momentum is tightly bound on the surface, which
results in a lower-energy leakage. However, the coupling
strength of the lowest mode decreases in the larger diameter of
Ag nanowires, and thus, most of the energy leaks through the
bending area. Although the bending loss can be minimized in
Ag nanowires with small diameter by tight conﬁnement of SPP
modes, it results in a large Ohmic loss. Consequently, for high-
performance SPP-based optical elements, the geometry of
metal nanowires should be carefully considered to balance
both bending and Ohmic losses.
The advantages of the plasmonic nanowire, energy
propagation at the metal surface, and a stronger evanescent
ﬁeld provide a higher sensitivity for optical-sensing applica-
Figure 10. Applications of plasmonic nanowire waveguides. (a) Two
lowest-order SPP modes in an Ag nanowire. (b) Measured plasmonic
emission intensity as a function of propagation distance. Adapted with
permission from ref 117. Copyright 2017 Springer. (c, d) SEM image
of an Au nanowire and overlaid spatial emission proﬁles. Adapted with
permission from ref 120. Copyright 2011 American Physical Society.
(e) Bright-ﬁeld optical images (left) and corresponding dark-ﬁeld
optical images with diﬀerent bending radii. Adapted with permission
from ref 118. Copyright 2011 American Chemical Society. (f)
Schematic illustration of a Ag nanowire-based plasmonic SERS probe.
Adapted with permission from ref 121. Copyright 2014 John Wiley
and Sons.
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tions. For example, surface-enhanced Raman spectroscopy
(SERS) can be demonstrated by incorporating localized SPPs
to signiﬁcantly enhance the electromagnetic ﬁeld, which allows
for detection of a low concentration of molecules. Figure 10f
shows an experimental setup to detect Raman modes from a
single living cell using a plasmonic nanowire waveguide
mounted on a tungsten tip. This approach enables clear
detection of Raman modes of biomolecules including proteins
and lipids.121
3.3. Photonic−Plasmonic Hybrid Nanowire Waveguides
In the previous sections, we discussed two diﬀerent waveguides
based on photonic or plasmonic nanowires. Although much
research progress has been made, fundamental limitations (i.e.,
diﬀraction limit for photonic nanowires and Ohmic loss for
plasmonic nanowires) still remain to be solved for optically
integrated circuit miniaturization. To satisfy the requirements
for a high-performance photonic circuit, mainly deep
subwavelength mode and low light loss, new hybrid waveguide
concepts by combining photonic and plasmonic components
have emerged over the past decade.111,122−124 For the
integration of two diﬀerent type of optical components, light
should be transferred between them by optical coupling. The
ﬁrst demonstration of a hybrid structure is the SnO2
(dielectric)−Ag (plasmonic)−SnO2 (dielectric) coupled struc-
ture (Figure 11a) for an optical routing circuit.122 The two
SnO2 nanoribbons were connected with an Ag nanowire.
While the straight SnO2 nanoribbon was not excited in the
absence of the Ag nanowire, a signiﬁcant optical enhancement
was observed when the Ag nanowire optically bridged two
ribbons by launching the SPPs in the Ag nanowire (Figure
11b).122 However, the large surface roughness and poor
crystallinity of the Ag nanowire still remained as a challenge for
practical applications.
Although the dielectric−metallic hybrid structure has not yet
been fully optimized for the optical routing circuit, it has been
successfully demonstrated for nanoscale plasmonic lasers.
Figure 11c shows a schematic of a hybrid structure, CdS
(dielectric nanowire)/MgF2 (dielectric spacer)/Ag (metallic
substrate).123 This structure generates a deep subwavelength
plasmonic laser at visible frequencies with 6-fold enhancement
of the spontaneous emission rate. The simulated electrical ﬁeld
distribution and directions of a hybrid plasmonic mode are
shown in Figure 11d.123 Subsequently, room-temperature laser
has demonstrated using a single InGaN/GaN core/shell
nanorod on an SiO2 covered with an Ag ﬁlm (Figure 11e
and f).124 An epitaxially grown Ag ﬁlm induced the reduction
of mode volume and propagation loss. However, lasing at room
temperature with improved temperature stability still remains
to be solved. As one eﬀort, a quantum dot-based hybrid
structure has demonstrated low lasing threshold and a
signiﬁcant improvement of temperature stability (7−125
K).125 As opposed to the coherent lasing demonstration on a
hybrid structure, a single InAsP quantum dot embedded in a
vertically grown InP photonic nanowire waveguide has been
used to demonstrate bright single-photon emitters. Because
single photons emitted from the quantum dot propagate in the
InAsP waveguide, a metallic Au layer was deposited on the
substrate as a mirror at the nanowire base to reﬂect downward-
emitted photons, which can signiﬁcantly reduce optical
losses.126 Additionally, there are many recent advances of
nanowires as a host of single-photon sources synthesized with
various structures, such as InAs quantum dot-embedded GaAs
photonic nanowires,127 nitrogen vacancies within diamond
nanowires,128 and CdSe quantum dot-embedded ZnSe nano-
wires.129 This technological progress on the materials side is
still required to scale up for electrically generated photon
entanglements on a single device to realize these quantum
source-based applications.
Figure 11. Applications of photonic−plasmonic hybrid nanowire waveguides. (a, b) Optical routing between SnO2 (dielectric)−Ag (metallic)−
SnO2 (dielectric) hybrid waveguides. Adapted with permission from ref 122. Copyright 2009 National Academy of Sciences. (c, d) Plasmonic laser
generation and the corresponding electrical ﬁeld distribution from CdS/MgF2/Ag hybrid structure. Adapted with permission from ref 123.
Copyright 2009 Nature Publishing Group. (e, f) Schematic and energy-density distribution of a single InGaN/GaN core−shell structure on an
epitaxially grown Ag ﬁlm. Adapted with permission from ref 124. Copyright 2012 AAAS.
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4. TOWARD ALL-PHOTONIC INTEGRATED CIRCUIT
In spite of remarkable progress in nanowire-based photonics in
the last two decades, enormous challenges remain to fully take
advantage of all-photonic elements-based integrated circuit
demonstrations. The ﬁrst one is high-quality nanowire
synthesis. Although a wide range of nanowires including
semiconducting, plasmonic, and dielectric nanowires have been
exploited for photonic elements demonstrations, there are still
many improvements such as impurities, chemical stability,
structure control, etc. For example, atomic-level defects can
increase optical loss in photonic and plasmonic waveguides.
From the semiconducting nanowires, particularly halide
perovskites, their chemical stability in ambient conditions is
still the main challenge to overcome for long-term device
reliability. Nanowire synthesis in large scale with reliable
reproducibility is also critical for practical photonic circuit
demonstration. Second, a multidimensional nanowire assembly
technique is still missing. Langmuir−Blodgett assembly has
been a promising approach to organize macroscopic numbers
of nanowires over substrates. However, it lacks single-nanowire
spatial controllability and a compatibility to water-sensitive
nanowire compositions. As alternative approaches, the optical
trapping method has been investigated to manipulate non-
metallic nanowires with highly focused laser beams in aqueous
chambers.113,130,131 In addition to the physical assembly, each
nanowire should be coupled optically to transfer light from
emitter to detector through waveguides with minimum optical
losses.
Recently, as a prototype, an InGaN/GaN core−shell
photonic nanowire with ﬁve radial quantum-wells-based
emitter and detector were integrated on-chip through a SiN
waveguide (Figure 12a and b).132 However, the device
performance is still rudimentary (e.g., extremely slow on−oﬀ
time of ∼0.5 s), possibly due to low charge-injection eﬃciency
or poor optical couplings of each element. Another attempt
was implementing photonic elements into existing electronic
devices.133 For the eﬃcient conversion from optical to
electrical signal, metallic nanowire-based plasmonic wave-
guides were used. Figure 12c shows an experimental schematic
of the propagating SPP modes in an Ag nanowire that was
coupled to Ge nanowire photodetectors. Here, the ratio of
detected charges through the Ge nanowire to the number of
SPPs from the Ag−Ge junction is deﬁned as the plasmon-
charge conversion eﬃciency, which is ∼0.1 electrons/plasmon.
Furthermore, the Ag nanowire plays an additional role as a gate
electrode to improve the conversion eﬃciency up to 50
electrons/plasmon via a plasmonic gating eﬀect.133 More
recently, a plasmonic−silicon nanowire array-based integrated
circuit has been reported to generate and detect ultra-
broadband waveforms in the terahertz range.134 This system
combined optical-terahertz wave (O/T) and terahertz wave-
electronic (T/E) converters with silicon-based photonic
devices, as illustrated in Figure 12e. False-color scanning
electron microscopy images of O/T and T/E converters are
shown in Figure 12e (upper inset). To form the plasmonic−
silicon hybrid structure, a narrow silicon nanowire waveguide
was combined with overlays of Au and Ti layers (lower inset,
Figure 12e). This approach demonstrates cointegration of
terahertz wave transmitters and receivers on the silicon
photonic platform, which allows nanowire-based on-chip
optoelectronic signal processors.134
Although the fundamental properties are almost clear from
the prototype demonstrations, the applicable photonic circuits
are still far behind the microelectronics. Most importantly,
electron−photon intercontrollability is the most urgent hurdle
to overcome, for example, electrically driven light generation or
eﬃcient electrical signal generation from injected photons.
Improved device geometries and fabrication are required
without signiﬁcantly degrading the optical-signal propagation.
Assuming that the electrically driven photonic device
structures are fully optimized, further systematic investigation
is required to fully maximize the device performances such as
photon−electron conversion eﬃciency, lifetime, and reprodu-
cibility. At the same time, more fundamentally, additional
optical components such as optical coupler, splitter, polarizer,
and modulator should be considered as well as emitter,
Figure 12. Prototypes of photonic integrated circuit. (a, b) False-color SEM and optical microscopy images of a single nanowire-based integrated
LED and photodetector. Adapted with permission from ref 132. Copyright 2014 American Chemical Society. (c, d) Schematic and SEM images of
electrical plasmon detector implemented with a nanowire ﬁeld-eﬀect transistor. Adapted with permission from ref 133. Copyright 2009 Nature
Publishing Group. (e) Integrated system for terahertz wave generation and detection including O/T and T/E converters based on thin plasmonic
metal layer-coated Si nanowires. Adapted with permission from ref 134. Copyright 2018 Nature Publishing Group.
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detector, and waveguide applications. Figure 13 shows the
recent advances of the additional optical components toward
all-photonic elements-based circuit integration. Figure 13a
indicates a single ZnO nanowire-based microﬁber coupler for
UV-light detection.135 Figure 13b is an optical image of InP-
based optical polarization rotator-splitter.136 An optically
coupled ZnO nanowire and photonic crystal as an optical
modulator is shown in Figure 13c.137 Although these attempts
can demonstrate a possibility of the nanowire-based auxiliary
optical components, a high-resolution, spatially precise, and
scalable demonstration for on-chip integrations of each
component should be achieved to take full advantage of
nanowire-based optical components for circuit integration.
5. CONCLUSION
One-dimensional nanowires are promising material structures
for photonic applications. These nanowires can be categorized
into semiconducting, metallic, and dielectric nanowires based
on chemical compositions and electronic properties, and each
exhibit light generation, plasmonic, and photonic waveguides,
respectively. Semiconducting nanowire-based light generation
covers lasing and light-emitting diodes. Particularly, nanowires
having well-deﬁned facets show coherent light generation, and
their tunable bandgap provides multiwavelength light-emitting
properties. However, signiﬁcant eﬀorts are still required to
optimize the emitting device structures to demonstrate
electrically driven light controllability. The metallic and
dielectric nanowires are utilized for light conﬁnement and
propagation as waveguides. On the basis of the propagating
mechanisms, plasmonic and photonic waveguides are intro-
duced using metallic and dielectric nanowires, respectively. To
balance between the high optical loss from plasmonic
waveguides and the diﬀraction limit of photonic waveguide,
both structures can be hybridized. Lastly, an all-photonic
integrated circuit as an ultimate goal has been discussed by
introducing the current eﬀorts of prototype demonstrations for
next-generation photonic devices.
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